cesses underpinning nonvolcanic tremor are substantially different from those governing earthquakes, which are not typically affected by the tides. ETS appears to represent slow ongoing failure, and thus any increment in stress should affect the failure rate, regardless of the stress state. We believe that this failure is occurring on very weak faults, because small stresses will have a much larger effect on a low-stress fault than a high-stress one. These faults could be very low-friction or, similarly, occur in the presence of near-lithostatic pore pressures. (4) ], it has been argued that there may have been several stages of continental ice growth during the period, reflected in both erosional surfaces and geochemical records associated with possible glaciation-induced sea-level falls (5-7). Rapid decreases (<1 million years) in sea level are known from diverse locations in the Turonian of northern Europe, North America, and the Russian Platform and are estimated at magnitudes of 25 to 40 m (7, 8) or even more (9) . These rapid changes in sea level are too fast and too widespread to be accounted for by tectonic processes and were therefore plausibly triggered by glacioeustasy (7, 10) . Further evidence comes from positive d
18
O excursions in marine, but diagenetically altered, limestone sequences (5, 11) and brachiopod isotope data (6) . However, evidence from sedimentological findings such as ice-rafted debris is still lacking, and unequivocal d
O records of well-preserved openocean foraminifera are rare, are of low resolution, or do not support the idea of Late Cretaceous ice sheets (12) . Moreover, there is only a poor understanding of how large ice sheets might grow in a period when tropical sea surface temperatures (SSTs) exceed 35°C (3, 13) and high-latitude temperatures are in excess of 20°C (2, 14) .
We used two independent techniques to estimate SSTs during the early Late Cretaceous. One proxy is the d
O paleothermometer, which we applied to monospecific planktic foraminiferal samples from a 40-m-thick, organic carbonrich, laminated marlstone succession of Turonian to Santonian age from the western equatorial Atlantic at Demerara Rise [Ocean Drilling Program (ODP) Site 1259]. These sediments contain planktic foraminifera with a "glassy" appearance and pristine, well-preserved wall textures (15) . Fig. 4 . Amplitude versus phase for a 12.4-hour tidal cycle. In this figure, we compare the variation of the amplitude of tremor during the 13-day ETS windows (solid line) and the 13-day noise windows (dotted line) according to phase in the best-fitting 12.4-hour-period tidal cycle. Phase for each array was determined by cross-correlating a 12.4-hour-period cosine function with the tremor and noise amplitude functions. The amplitude for each degree at each array was averaged over the 25 to 26 times that phase occurred in the 13-day window examined. The amplitudes at the five arrays were averaged for both noise and tremor and were then normalized so that the mean of each curve is 1. 
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This state of preservation is ideal for an extensive geochemical investigation in order to reconstruct past SSTs (16 (Fig. 1A) . These values are in good agreement with earlier estimates from spot measurements from the western Atlantic (1, 3) and with low-resolution data from the organic paleothermometer TEX 86 (13) . Newly generated TEX 86 data indicate high SSTs of up to 36°C during the Turonian, followed by a shift to cooler temperatures during the Coniacian and Santonian (Fig. 1B) . Today, temperatures in the western tropical Atlantic range from 28°to 29°C (19) , so our data suggest that the Turonian surface ocean was 5°to 9°C warmer than at present.
The Turonian warmth was punctuated by a short-lived decrease in the d 18 (Fig. 2) . Evidently, this d
18
O event reflects an episode of acceleration of the hydrological cycle, causing a decrease in the local sea surface salinity (Fig. 2C) , and was followed at~91.2 Ma by a synchronous positive shift in d
O in both planktic and benthic foraminifera, which lasted for~200,000 years. The magnitude of the positive d
O excursion in planktic foraminifera is >1‰, whereas it is up to 0.7‰ in benthic foraminifera. 16 O in glacial ice, causing a whole-ocean increase in d W .
The middle Turonian is characterized by a series of short-term relative sea-level changes (9, 21) (7) and the predicted ice composition for past warm climates (-30‰ VSMOW) (7, 28 We propose that any large Turonian ice sheet was probably located on Antarctica, given the polar position of the continent and the widespread areas of elevated terrain (with altitudes of 1500 to 2500 m) when the modern ice cap is isostatically removed (30) . However, the uplift history of the Transantarctic Mountains before the Cenozoic is very poorly known and may have commenced during the Cretaceous (31) or the Eocene (32) . Warm tropical and subpolar SSTs in the Turonian (1-3) would seem to preclude substantial ice development at or near sea level, even on Antarctica, emphasizing the need for further work on the paleoelevation history of the continent.
It is unlikely that an ice sheet of the size of the modern Antarctic ice cap existed in the Cretaceous, both because of the warm surface temperatures noted above and because there is no evidence for the ice-rafted debris that should be present in the Southern Ocean if all of Antarctica had been glaciated. However, an ice cap of up to~60% the size of the modern Antarctic ice sheet is plausible given the constraints imposed by the sea-level record, as well as our estimate of the change in mean ocean d W, and our -44‰ VSMOW estimate for the isotopic composition of glacial ice. These results also imply that the d
O composition of Turonian polar precipitation was not substantially heavier than today and contradict expectations that greenhouse warming should decrease fractionation during vapor transport from mid-to high latitudes (7, 28) .
We are left with the apparent paradox that the prevailing extraordinarily high tropical temperatures during the Turonian were not a barrier to the initiation and growth of large continental ice sheets. The development of these ice sheets could be attributed to an increase in the activity of the hydrological cycle, which must have initiated more humid conditions and enhanced precipitation in the high latitudes. As with periods of Cenozoic ice growth, the initiation of Cretaceous ice expansion may have been triggered by orbital dynamics, because the~200,000-year duration of the 91.2 Ma event is similar to the half period of the 400,000-year eccentricity cycle. Our results suggest that fairly large ice sheets could grow and decay equally rapidly, which is very much the same pattern as during the Pleistocene. However, unlike the Pleistocene, Cretaceous ice sheets were apparently not a regularly recurring phenomenon, possibly because the extreme warmth of the Turonian, the paleoelevation of Antarctica, and the orbital configuration allowed the initiation of ice sheet development only under certain rare conditions. Our results further suggest that the common assumption that ice sheets did not exist during periods of past supergreenhouse climates should be reexamined, with implications for paleotemperature estimation, the determination of the past isotopic composition of seawater, and high-latitude terrestrial climate reconstruction.
A B C D Fig. 2 . Detailed data from the CC11 and CC12 calcareous nannofossil biozone interval of ODP Site 1259 (33) . Data are plotted against absolute age (4) (table S1) and cover the interval from 518.02 to 530.78 mcd in Fig. 1. ( A) The raw planktic foraminiferal d
O data (see Fig. 1 for symbol explanation) and TEX 86 data; both are plotted on the same scale with respect to the estimated SSTs in Fig. 1. (B) d 
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Mutualisms are key components of biodiversity and ecosystem function, yet the forces maintaining them are poorly understood. We investigated the effects of removing large mammals on an antAcacia mutualism in an African savanna. Ten years of large-herbivore exclusion reduced the nectar and housing provided by plants to ants, increasing antagonistic behavior by a mutualistic ant associate and shifting competitive dominance within the plant-ant community from this nectardependent mutualist to an antagonistic species that does not depend on plant rewards. Trees occupied by this antagonist suffered increased attack by stem-boring beetles, grew more slowly, and experienced doubled mortality relative to trees occupied by the mutualistic ant. These results show that large mammals maintain cooperation within a widespread symbiosis and suggest complex cascading effects of megafaunal extinction.
O bligate mutualistic relationships among species are ubiquitous and central to ecological function and the maintenance of biodiversity (1) (2) (3) (4) (5) . The symbiosis between ants and plants, which involves many species throughout the tropics, was the first coevolved mutualism to be thoroughly elucidated by ecologists (6) . Many studies have shown the efficacy of ant mutualists in deterring herbivory (7) and explored the costs and benefits accruing to the interacting partners (8) . However, although the importance of large herbivores in the evolution and maintenance of these interactions has been hypothesized (9, 10), it has never been shown.
We investigated the effects of large mammalian herbivores on an ant-Acacia mutualism in an African savanna. The whistling-thorn tree, Acacia drepanolobium, dominates heavy-clay soils across large expanses of upland East Africa (11) . At branch nodes, A. drepanolobium produces either slender stipular thorns or hollow swollen thorns that serve as ant housing ("domatia"). The tree also secretes a carbohydrate-rich nectar from extrafloral glands located near the bases of leaves (12) . At our study site in Kenya, four species of ants (Crematogaster mimosae, C. sjostedti, C. nigriceps, and Tetraponera penzigi) compete for exclusive possession of host trees and vary strongly in both their defense of the host trees and their use of the tree's "rewards" [i.e., domatia and nectar (11, 13) ]. Crematogaster mimosae aggressively defends host trees from herbivores and relies heavily on swollen-thorn domatia, where they raise brood, house workers, and occasionally tend honeydew-producing scale insects (Coccidae) (11) . In contrast, C. sjostedti is a less-aggressive defender of host plants (13) and, exclusively among the four ant species, does not nest in domatia but rather in stem cavities excavated by the larvae of long-horned beetles (Cerambycidae). Under natural conditions, C. mimosae is the most abundant ant symbiont, occupying~52% of all trees at our sites, whereas C. sjostedti occupies~16% of host plants.
The remaining two ant species, C. nigriceps and T. penzigi, also occur in relatively low abundance (~15% and~17% of trees, respectively), and each uses distinctive behaviors that reduce the likelihood of hostile takeover by the competitively superior C. mimosae and C. sjostedti. Crematogaster nigriceps is an effective defender (13, 14) but also prunes axillary buds and kills apical meristems, which reduces lateral canopy spread and thus the likelihood of contact with trees occupied by hostile colonies (15) . Tetraponera penzigi, an intermediate protector, destroys its host-plants' nectaries: a "scorched-earth" strategy that reduces the probability of takeover by neighboring nectar-dependent Crematogaster colonies (16) . All three Crematogaster species derive at least some of their energy by foraging off-tree for insects; in contrast, T. penzigi seldom leaves its host and appears to subsist by gleaning small food items (e.g., pollen and fungal spores) from the surfaces of its host (17) .
In 2005, we sampled A. drepanolobium trees (1.8 to 3.0 m in height) in 12 plots (4 ha each)
